Over the past two decades, significant progress in organocatalysis has been achieved by mark advances in the enantioselective desymmetrization of meso and other prochiral compounds. Well known in the respect is the catalytic asymmetric desymmetrization of meso-cyclic anhydride via the addition of an alcohol nuclophile, which represents a simple and elegant method for the preparation of synthetically pliable hemiester with the generation of either single or multiple stereocenters with high levels of enantiocontrol in one symmetry-breaking operation.
methods for the enantioselective desymmetrization of 3 appling methanol as nuclophiles frequently suffer from one or more of the following problems: extended reaction times at reduced temperature, lower enantioselectivity and difficulties with organocatalyst preparation etc. The finding of novel catalysts and new protocols for the enantioselective methanolysis of 3 into the key intermediate (3aS,6aR)-lactone 5 to complete the commercial asymmetric total synthesis of 1 still remains challenge. Our continued interest in the development of practical asymmetric total synthesis of 1 based upon the chiral Lewis acid-catalyzed enantioselective anhydride desymmetrization has prompted us to investigate an facile organocatalytic enantioselective methanolysis approach toward 1 starting from cis-1,3-dibenzyl-2-imidazole-4,5-dicarboxylic acid (2) by utilizing our newly developed bifunctional cinchona alkaloid-derived squaramide IV 20) -promoted enantioselective methanolysis of 3 for the construction of 5 and a novel C4ϩC1 strategy for the introduction of the 4-carboxybutyl side chain at C-4 position of (3aS,6aR)-thiolactone 6. Herein, we reported the details of our investigations on this subject.
Results and Discussion
Our stereocontrolled total synthesis of (ϩ)-biotin (1) was undertaken starting from cis-1,3-dibenzyl-2-imidazoledone-4,5-dicarboxylic acid (2) as outlined in Chart 1. Treatment of 2 in boiling toluene in the presence of a catalytic amount of MeSO 3 H with azeotropic removal of water for 4 h led to the desired meso-cyclic anhydride 3 in almost quantitatively yield.
We next set out to prepare the key chiral intermediate (4S,5R)-hemiester 4 from meso-cyclic anhydride 3 by a catalytic enantioselective methanolysis strategy using a bifunctional cinchona alkaloid-based squaramide IV. In our initial studies, the asymmetric desymmetrization of 3 upon treatment with 3 eq of methanol in the presence of 5 mol% catalyst IV in methyl tert-butyl ether (MTBE) at room temperature resulted in (4S,5R)-hemiester 4 in excellent yield with very low enantioselectivity (only 50% ee, catalyst has found to constitute the key features for a highly efficient methanolytic desymmetrization of meso-cyclic anhydride in complex total synthesis due to the bulky size and the presence of multiple polar and basic functionalities of anhydrides. 8, 10) We also observed that anhydride 3 reacted very well leading to the corresponding product 4 in 98% yield with 96% ee when the catalyst loading increased from 5 to 110 mol% (Table 1 , entries 1 and 5). The stereochemistry of 4 was confirmed by comparision with the specific optical rotation value reported in our laboratory. 21) It is noteworthy that the stereochemical outcome of the methanolysis is strongly affected by the solvent used in the anhydride desymmetrization. A low enantioselectivity was obtained in the anhydride desymmetrization when other solvents including Et 2 O, tetrahydrofuran (THF), toluene and CH 2 Cl 2 was used instead of methyl tert-butyl ether (MTBE) ( Table 1 , entries 6-9). In addition, the catalyst IV was easily recovered quantitatively and no significant loss in the catalysis activity and enantioselectivity was observed when it was reused up to ten times.
To account for the observed stereochemical outcome of this reaction, a transition state model was proposed and is depicted in Fig. 2 . The NH group of the squaramide IV moiety are expected to form hydrogen-bonding interaction with the carbonyl group to active the electrophile (anhydride 3) and the quinuclidine group is believed to simultaneously act as a general base to active the nucleophile (methanol).
The resulting chiral hemiester 4 was subjected to regioselective reduction with Borohydride anion exchange resin (BER, 3.3 mmol BH4 Ϫ /g) in the presence of anhydrous CaCl 2 in EtOH for 18 h, subsequent acid-catalyzed lactonization with 5% HCl for 30 min at 55°C to furnish the desired (4S,5R)-lactone 5 in 95% overall yield with 98.5% enantiomeric excess. The resin could be recovered from reaction mixture by simple filtration followed by washing with 5% aq. NaOH and H 2 O after the reduction went to completion. It is well documented that the recovered resin in this reaction could be regenerated to the original BER (3.3 mmol BH4 Ϫ /g) without much loss of activity upon treatment of KBH 4 in H 2 O according to the BER preparation procedure.
22) The conversion of 5 into the desired (3aS,6aR)-thiolactone 6 was achieved in 85% yield via a thiolactonization by heating of potassium benzothioate (PhCOSK) in anhydrous dimethylformamide (DMF) at 150°C for 2 h.
With the (3aS,6aR)-thiolactone 6 in hand, installation of C4 side chain at C-4 position of 6 was efficiently carried out by the reaction of 6 with Grignard reagent derived from 1-bromo-4-ethoxybutane in anhydrous tetrahydrofuran (THF) and subsequent dehydration with 30% H 2 SO 4 at refulxing temperature for 3 h, affording (Z)-alkene ether 7 in an overall yield of 95%. The (Z)-configuration of 7 was unequivocally characterized by nuclear Overhauser effect spectroscopy (NOESY) experiment, which showed the NOE correlation between H 3a and H a , as depicted in Fig. 3 .
The resulting unsaturated ether 7 further on high pressure hydrogenation (60 atm) at 110°C for 12 h by the use of a catalytic amount of 10% Pd/C in iso-PrOH provided (3aS,4S, 6aR)-saturated ether 8 in almost quantitative yield. Tricyclic thiophanium salt 9 was formed in 90% isolated yield via the cleavage/chlorination/cyclization/salt fromation in a one-pot procedure upon treatment of 8 with concentrated HCl in formic acid at reflux for 5 h. Treatment of 9 with sodium cyanide in dimethyl sulfoxide (DMSO) at 90°C for 3 h allowed the direct conversion into the desired (3aS,4S,6aR)-nitrile 10 in 95% yield. The absolute configuration of 10 was validated by comparison with the reported values of the specific rotation. 23) Final one-pot hydrolysis and debenzylation of 10 was effected in 48% HBr for 10 h to provide (ϩ)-biotin (1) in 80% yield, which is identical in all respects with our previous reported values. 24) In conclusion, we have developed a novel highly enantioselective organocatalytic approach to the total synthesis of (ϩ)-biotin (1) in an overall yield of 48% starting from the known cis-1,3-dibenzyl-2-imidazoledone-4,5-dicarboxylic acid (2), which exhibit advantages over the existing synthetic routes to 1 in terms of the high enantioselectivity, overall yield and the practicality on large-scale production. 25) other reagents were obtained from commercial sources and used as received.
Procedure for the Synthesis of 3 A mixture of 2 (10 g, 28 mmol), CH 3 SO 3 H (0.04 g, 0.42 mmol), toluene (200 ml) was stirred under reflux with azeotropic removal of water for 4 h. After cooled to room temperature, the precipitated colorless crystals was filtered and dried at 70°C in vacuo for 4 h to give the pure product 3 as a white powder ( Procedure for the Synthesis of 4 Methanol (0.5 g, 15 mmol) was added dropwise into a suspension of 3 (1.68 g, 5 mmol) and catalyst VI (3.5 g, 5.5 mmol) in MTBE (1.65 l) at 25°C under argon atmosphere. Upon completion of the addition the reaction mixture was stirred for 24 h at room temperature and then evaporated in vacuo. The residue was washed with 10% aq. Na 2 CO 3 (3ϫ10 ml) and the organic phase was dried over Na 2 SO 4 and concentrated to recover the catalyst VI. The combined aqueous phases was adjusted to pH 5 use 2 M HCl, then extracted with AcOEt (3ϫ10 ml). The combined organic phases was dried over Na 2 SO 4 , filtred and concentrated in vacuo to yield the crude product, which was then purified by recrystallization from AcOEt to give the methyl monoester 4 as a white solid (1.77 g, 96% yield); eeϭ99%. mp 149. 
Procedure for the Synthesis of 5
To a stirred solution of 4 (3.68 g, 10 mmol) and anhydrous CaCl 2 (1.11 g, 10 mmol) in anhydrous ethanol (52 ml) was added BER (6.7 g, 20 mmol) at 0°C. Stirring was continued at the same temperature for 1 h, the reaction mixture was allowed to warm up to room temperature and stirred for another 18 h at 25°C. The resulting mixture was filtred and the filtrate was concentrated. The residue was treated with 5% aq. HCl (37 ml) at 55°C. After 30 min at this temperatue, the solution was extracted with CH 2 Cl 2 (3ϫ30 ml). The combined organic phases were dried over Na 2 SO 4 and concentrated in vacuo to afford 5 as a white solid (3.06 g, 95% yield). mp 119. 4 Procedure for the Synthesis of 6 A mixture of 5 (3.22 g, 10 mmol), potassium benzothioate (1.92 g, 12 mmol) and anhydrous DMF (30 ml) was stirred at 150°C under argon atmosphere for 2 h. After cooling to room temperature, the resulting mixture was poured into H 2 O (30 ml) and extracted three times with CH 2 Cl 2 (3Åϫ30 ml). The combined organic phases were washed successively with brine (30 ml) and H 2 O (30 ml), dried over Na 2 SO 4 , and evaporated the solvent to give the crude product which was then purified by recrystallization from iso-propanol to afford the pure 6 as a white solid (2.87 g, 85% yield). mp 125. 
Procedure for the Synthesis of 7
To a suspension of Magnesium powder (2.9 g, 120 mol) in anhydrous THF (20 ml) was added a catalytic amount of iodine under nirogen atmosphere and the mixture was heated to reflux. The soloution of 1-bromo-4-ethoxybutane (21.4 g, 120 mmol) in anhydrous THF (20 ml) was added dropwise and the resulting mixture was kept stirring at reflux for 1 h. The solution of compound 6 (20 g, 59 mmol) in anhydrous THF (200 ml) was added into the reaction mixture at 25°C. After stirring for 2 h at reflux, the mixture was cooled to 0°C before 30% H 2 SO 4 (100 ml) was added. After further stirring at reflux for 3 h, the mixture was extracted with CH 2 Cl 2 (3ϫ60 ml). The combined organic phases were washed successively with brine (30 ml), sat. aq NaHCO 3 (30 ml) and H 2 O (30 ml), dried over Na 2 SO 4 , and evaporated the solvent to give the crude product which was then purified by chromatography on a silica gel column (AcOEt/petroleum ether (PE)ϭ1/1) to give 7 as a yellow oil (23.7 Procedure for the Synthesis of 8 A suspension of compound 7 (29.5 g, 70 mmol), 10% Pd/C (7 g) in iso-propanol (160 ml) was stirred at 110°C under hydrogen pressure of 60 atm for 12 h, and then filtred through Celite. The filtrate was evaporated under reduced pressure to give the crude product, which was purified by recrystallization from CCl 4 Procedure for the Synthesis of 10 A mixture of compound 9 (8.29 g, 20 mmol), NaCN (2.45 g, 50 mmol) and DMSO (100 ml) was stirred at 90°C for 3 h. After cooling to room temperature, the reaction mixture was extracted with Toluene (3ϫ30 ml). The combined organic phases was washed successively with brine and H 2 O and dried over Na 2 SO 4 . Evaporation of the solvent gave the crude product, which was purified by recrystallization from iso-PrOH to obtain pure 10 as a white solid (7.70 g, 95% yield Procedure for the Synthesis of 1 A mixture of compound 8 (12 g, 30 mmol) and 47% aq HBr (300 ml) was heated to reflux with vigorous stirring. After 10 h the reaction mixture was extracted with toluene (3ϫ30 ml), the aqueous phase was separated and concentrated in vacuo to get the crude product. The residue was purified by recrystallization from H 2 O to give pure 1 as a white crystalline powder (5.8 g, 80% yield) 
